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Einstein ring with thickness of 1.3 km around the Sun formed by an exo-Earth (not 
to scale!). A meter-class telescope, with a modest coronagraph to block solar light 
with 10−6 suppression placed in the focal area of the solar gravitational lens, can 
image an exoplanet, say at a distance of 30 parsec, with few kilometer-scale resolu-
tion on its surface. Notably, spectroscopic broadband SNR is ~106 in two weeks of 
integration time, providing this instrument with incredible remote sensing capabili-
ties. See conceptual video description at https://youtu.be/Hjaj-Ig9jBs 
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1 Introduction 
Direct detection of light from an Earth-like exoplanet in a habitable zone orbit is a challenging 
task. The angular size of this object is very tiny, requiring extremely large apertures or interfero-
metric baselines. The light contamination from the parent star necessitates using advanced coro-
nagraphic techniques. The light received from the exoplanet is exceedingly faint and rides on a 
noisy background. Detecting such a signal requires stable pointing and very long integration times. 
These challenges make direct high-resolution imaging of an exoplanet with a conventional tele-
scope or interferometer a very difficult, if not impossible task. 
Fortunately, Nature has presented us with a powerful instrument that we have yet to explore and 
learn to use for imaging purposes. This instrument is the Solar Gravitational Lens (SGL), which 
takes advantage of the natural ability of our Sun’s gravitational field to focus and greatly amplify 
light from faint, distant sources of significant scientific interest, such as a habitable exoplanet. 
According to Einstein’s general theory of relativity, the gravitational field induces refractive prop-
erties on spacetime. A massive object acts as a lens, bending the trajectories of incident photons 
(Turyshev & Toth, 2017).  As a result, gravitationally refracted rays of light passing on two sides 
of the lensing mass converge. A gravitational lens has spherical aberration, with the bending angle 
being inversely proportional to the impact parameter of the light ray with respect to the lensing 
mass. Therefore, such a lens produces not a single focal point but a semi-infinite focal line. 
Although all the solar system’s bodies act as lenses, only the Sun is massive and compact enough 
for the focus of its gravitational deflection to be within the range of a realistic mission. Its focal 
line is broadly defined as the area beyond ~547.8 AU, on the line connecting the center of an 
exoplanet and that of the Sun. A probe positioned beyond this heliocentric distance could use the 
SGL to magnify light from distant objects on the opposite side of the Sun (Eshleman, 1979).   
While all currently envisioned NASA exoplanetary concepts would be lucky to obtain a single-
pixel image of an exoplanet, a mission to the focal area of the SGL, carrying a modest telescope 
and coronagraph, opens up the possibility for direct imaging with 103 × 103 pixels and high-reso-
lution spectroscopy of an Earth-like planet. Thus, an exoplanet at a distance of 30 parsecs (pc) may 
be imaged with a resolution of ~10 km on its surface, enough to see its surface features and signs 
of habitability, as shown in the video (DeLuca, 2017).  
The remarkable optical properties of the SGL include major brightness amplification (~1011 at the 
near-infrared wavelength of l = 1 µm) and extreme angular resolution (~10−10 arcsec) within a 
narrow field of view (Turyshev & Toth, 2017). A modest telescope at the SGL could be used for 
direct imaging of an exoplanet.  The entire 13,000 km image of such an exo-Earth is projected by 
the SGL into an instantaneous cylindrical volume with a diameter of ~1.3 km surrounding the focal 
line. Moving outwards while staying within this volume, the telescope will take photometric data 
of the Einstein ring around the Sun, formed by the light from the exoplanet. The collected data 
will be processed to reconstruct the desirable high-resolution image and other relevant information. 
Recently, we have evaluated the feasibility of the SGL for direct imaging and spectroscopy of an 
exoplanet (Turyshev et al., 2018).  While several practical constraints have been identified, there 
appear no fundamental limitations either with concept or the technologies needed for the mission. 
The investigation primarily analyzed the requirements of how to operate a spacecraft at such enor-
mous distances with the needed precision.  Specifically, we studied i) how a space mission to the 
focal region of the SGL may be used to obtain high-resolution direct imaging and spectroscopy of 
an exoplanet by detecting, tracking, and investigating the Einstein ring around the Sun, and ii) how 
such information could be used to detect if there are signs of life on another planet.  
Most importantly, we determined that the foundational technologies already exist and some of 
them have a rather high technology readiness level.  With the advent of new launch capabilities 
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(Space Launch System, Falcon 9 Heavy, etc.) and recent advances in spacecraft technologies (elec-
tric propulsion, solar sails, optical communications, etc.), there is clear motivation to further ex-
plore the utility of the SGL for remote investigation of exoplanets.  
2 Technical Description  
Theory: A wave-theoretical description of the SGL (Turyshev & Toth, 2017) demonstrates that it 
possesses a set of rather remarkable optical properties. Specifically, the SGL amplifies their bright-
ness of light from distant, faint sources by a factor of ~2GM/(c2l) ~ 1011 (for  l = 1 µm), which is 
an enormous magnifying power not easily feasible with conventional astronomical instruments. 
Moreover, the SGL has extreme angular resolution of l/D0 ~10-10 arcseconds (with D0 being the 
diameter of the Sun), which makes it exceptionally well-suited for imaging distant objects. 
The angular diameter of an Earth-
like exoplanet at 30 pc is 1.4 × 10−11 
rad. To resolve the disk of this 
planet as a single pixel, a telescope 
array with a baseline of ~74.6 km 
would be needed. Resolving the 
planet with 103 linear pixels would 
require a baseline ~1×105 km 
(~12RÅ), which is not feasible. 
In contrast, a 1-m telescope, placed 
at the focal line of the SGL at 750 
AU from the Sun, has a collecting 
area equivalent to a diffraction-lim-
ited telescope with diameter of ~80 
km and the angular resolution of an 
optical interferometer with a base-
line of 12RÅ. While building an instument with the SGL’s capabilities is far beyond our techno-
logical reach, we can use the SGL’s unique capabilities to capture megapixel images of exoplanets. 
Recent efforts have produced a better understanding of the optical properties of the SGL. Figure 1 
shows the lens’ point-spread function (PSF), resolution, magnification, all of which helps in the 
design of the large scale astronomical facility that would benefit from the SGL. 
Imaging concept: The image of an exo-Earth, say at 30 pc, is compressed by the SGL to a cylinder 
with a diameter of ~1.3 km (corresponding to the Einstein ring around the Sun with the same 1.3 
km thickness) in the immediate vicinity of the fictitious focal line. Imaging an exo-Earth with 103 
´ 103 pixels requires moving the spacecraft within the image plane in steps of 1.3 km /103 ~ 1.3 m 
while staying within the ~1.3 km diameter cylindrical volume. So, each ~1 m pixel in the image 
plane corresponds to a pixel diameter of 13´103 km/103 ~ 10 km on the surface of the planet. 
The challenge comes from recognizing the fact that the PSF of the SGL is quite broad (see Figure 
1), falling off much slower than the PSF of a typical lens. Consequently, for any pixel in the image 
plane, this leads to combining light from a particular pixel on the surface of the exoplanet but also 
from many pixels adjacent to it. This admixing of light leads to a significant blurring of the image. 
To overcome this impediment, imaging must be done on a pixel-by-pixel basis by measuring the 
brightness of the Einstein ring at each of the image pixels. The knowledge of the PSF’s properties, 
makes it possible to apply deconvolution algorithms that enable reconstruction of the original im-
age efficiently. To make this process work, a significant signal to noise ratio (SNR) is required.  
Fortunately, the SGL  light amplification capability provides a SNR of over 103 given a 1 second 
of integration time.  This is sufficient for nearly noiseless deconvolution.  
 
Figure 1. Optical properties of the SGL (Turyshev & Toth, 2017). Up-Left: Am-
plification of the SGL. Up-Right: Point spread function. Bottom: Gain of the SGL 
as seen in the image plane as a function of possible observational wavelength.  
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FIG. 8: Gain of the solar gravitational lens as seen in the image plane as a function of the optical distance z and observational
wavelength λ. On both plots, the solid line represents gain for z = 600 AU, the dotted line is that for z = 1, 000 AU.
Across the image plane, the amplification oscillates quite rapidly. For small deviations from the optical axis, θ ≈ ρ/z.
Using this relation in (140), we see that the first zero occurs quite close to the optical axis:
ρSGL0 ≃ 4.5
( λ
1 µm
)√ z
z0
cm, or, equivalently, ρSGL0 ≃ 4.5
( λ
1 µm
) b0
R⊙
cm. (142)
(Note in (142) the inverse ratio of z vs. z0 and b0 vs R⊙.) Equation (142) favors larger wavelengths and larger
heliocentric dist nces or, similarly, impact arameters.
Thus, we have established the basic optical properties of the solar gravitational lens. By achromatically focusing
light from a distant source [17, 34], the SGL provides a maj r brightness amplification and extreme angular resolution.
Specifically, from (135) for λ = 1 µm, we get a light amplification of the SGL of µ ≃ 1.2 × 1011, corresponding to a
brightness increase by δmag = 2.5 lnµ = 27.67 stellar magnitud s in case of perfect alignment. Furthermore, (140)
gives us the angular resolution of the SGL of θSGL ≃ 1.1× 10−10 arc seconds.
We note that if the diameter of the telescope d0 is larger than the diffraction limit of the SGL (i.e., larger than the
diameter of the first zero of the Airy pattern), it would average the light amplification over the full aperture. Such
an averaging will result in the reduction of the total light amplification. To estimate the impact of the large aperture
on light amplification, we average the result (135) over the aperture of the telescope:
µ¯z =
4
πd20
∫ d0
2
0
∫ 2π
0
µ(ρ)ρd0ρd0φ =
4π2
1− e−4π2rg/λ
rg
λ
{
J20
(
π
d0
λ
√
2rg
z
)
+ J21
(
π
d0
λ
√
2rg
z
)}
. (143)
For an aperture of d0 = 1 m at z = 600 AU, this results in the reduction in light amplification by a factor of 0.025,
leading to the effective light amplification of µ¯z = 2.87 × 109 (i.e., 23.65 mag), which is still quite significant. The
effect of the large aperture is captured in Fig. 9, where we plot the behavior of each of the two terms in curly braces
in (143) and also their sum. Although each term oscillates and reaches zero, their sum never becomes zero.
As seen from a telescope at the SGL, light from a distant target fills an annulus at the edge of the Sun, forming the
Einstein ring. At a distance z on the focal line, an observer looking back at the Sun will see the Einstein ring with an
angular size that is given by αER = 2b0/z = 4rg/b0. Using this equation, we determine the angular size of the ring as
αER ≃ 3.50′′
√
z0
z
, or, equivalently, αER ≃ 3.50′′ R⊙
b0
. (144)
A telescope with aperture d0, placed at the heliocentric distance z on the optical axis, receives light from a family of
rays with different impact parameters with respect to the Sun, ranging from b0 to b0 + δb0. Using (144), these rays
are deflected by different amounts given as α1 = (b0+
1
2d0)/z = α0R⊙/(b0+
1
2d0), for one edge of the aperture, where
α0 = 2rg/R⊙, and α2 = (b0 + δb0 − 12d0)/z = α0R⊙/(b0 + δb0 − 12d0), for the other edge. Taking the ratio of α2/α1,
we can determine the relation between δb0 and the telescope diameter, d0, which, to first order, is given as δb0 = d0.
As a result, the area of the Einstein ring that is seen by the telescope with aperture d0, to first order, is given by
AER = π((b0 + δb0)2 − b20) ≃ 2πb0d0. For different impact parameters the area behaves as
AER ≃ 4.37× 109
( d0
1 m
) b0
R⊙
m2. (145)
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FIG. 8: Gain of th solar grav tational lens as s en in the image plane as a function of the optical distance z and observational
wavelength λ. On both plots, the solid line represents gain for z = 600 AU, the dotted line is that for z = 1, 000 AU.
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FIG. 6: Left: amplification and the corresponding Airy pattern of the SGL plotted for two wavelengths at the heliocentric
distance of z = 600 AU. The solid line represents λ = 1.0 µm, the dotted line is for λ = 2.0 µm. Right: a three-dimensional
representation of the Airy pattern in the image plane of the SGL for λ = 1.0 µm with the peak corresponding to direction
along the optical axis.
Given the fact that in the focal region of the SGL, the ratio rg/r ≪ 1 is very small, the terms in (129)–(131) that
include this ratio may also be omitted. As a result, using (122) for the argument of the Bessel function, we can present
the components of the Poynting vector (129)–(131) in the following most relevant form:
S¯z =
c
8π
E20
4π2
1− e−4π2rg/λ
rg
λ
J20
(
2π
ρ
λ
√
2rg
z
)
, (134)
with S¯ρ = S¯φ = 0 for any practical purposes. Note that in the case when rg → 0, the Poynting vector reduces to its
Euclidean spacetime vacuum value, namely S¯ → S¯0 = (0, 0, (c/8π)E20), which may de deduced from (53) by taking
rg = 0. Note that in the limit λ/rg → 0, (134) corresponds to the geometric optics approximation which yields a
divergent intensity of light on the caustic.
Result (134) completes our derivation of the wave-theoretical description of light propagation in the background of
a gravitational monopole. The result that we obtain d extends previous eriv i that are valid only on the optical
axis (e.g., [16]) to the n ighborhood of the focal line and es ablish s the struc ure of the EM field in this region. As
such, it presents a useful wave-theoretical treatment of focusing light by a spherically symmetric mass, which is of
relevance not only for the SGL discussed here but also for micro ensing by objects other than the Sun.
IV. TOWARDS A SOLAR GRAVITATIONAL TELESCOPE
We now have all the ools necessary to establish the optical properties of the SGL in the regi n of nterference, i.e.,
at helioce tric distances z ≥ z0 = R2⊙/2 g = 547.8 AU on the optical axis. First, given the knowledge of the Poynting
vector in the image plane (134), e may define the monochromatic light amplification of the lens, µ, as the ratio of
the magnitude of the time-averaged Poynting vector of the lensed EM wave to that of the wave propagating in empty
spacetime µ = S¯/|S¯0|, with |S¯0| = (c/8π)E20 . The value of this quantity is then given by
µz =
4π2
1− e−4π2rg/λ
rg
λ
J20
(
2π
ρ
λ
√
2rg
z
)
. (135)
As evident from (134), we see that the largest amplification of the SGL occurs along the z axis. The other components
of the Poynting vector are negligible.
We now consider the light amplific tion of the SGL in the focal regi n. Fi ure 6 shows the resulting Airy pattern
(i.e., the point spread function or PSF) of the SGL from (135). Due to the presence of the Bessel function of the zeroth
order, J20 (2
√
x), the PSF falls off more slowly than tradition l PSFs, which are roportional to J21 (2
√
x)/x2, as seen in
Fig. 7. Thus, a non-negligible fract on of the total energy r ceived at the image plane of the SGL is pr sent in the side
lobes of its PSF. T is indicates hat for image proc ssing purposes, one may have to develop special deconvolution
techniques beyond those that are presently available (e.g., [24, 25]), which are used in odern i rolensing surv ys.
Mo t of these techniques rely on raytracing analysis and typically are b sed on geome ric optics approximation.
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representation of the Airy pattern in the image plane of the SGL for λ = 1.0 µm with the peak corresponding to direction
along the optical axis.
Given the fact that in the focal region of the SGL, the ratio rg/r ≪ 1 is very small, the terms in (129)–(131) that
include this ratio may also be omitted. As a result, using (122) for the argument of the Bessel function, we can present
the components of the Poynting vector (129)–(131) in the following most relevant form:
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with S¯ρ = S¯φ = 0 for any practical purposes. Note that in the case when rg → 0, the Poynting vector reduces to its
Euclidean spacetime vacuum value, namely S¯ → S¯0 = (0, 0, (c/8π)E20), which may de deduced from (53) by taking
rg = 0. Note that in the limit λ/rg → 0, (134) corresponds to the geometric optics approximation which yields a
divergent intensity of light on the caustic.
Result (134) completes our derivation of the wave-theoretical description of light propagation in the background of
a gravitational monopole. The result that we obtained extends previous derivations that are valid only on the optical
axis (e.g., [16]) to the neighborhood of the focal line and establishes the structure of the EM field in this region. As
such, it presents a useful wave-theoretical treatment of focusing light by a spherically symmetric mass, which is of
relevance not only fo the SGL discussed here but also for microlensing by objec s other than the Sun.
IV. TOWARDS A SOLAR GRAVITATIONAL TELESCOPE
We now have all the tools necessary to establ sh the optical properties of the SGL in the region of interference, i.e.,
at heliocentric distances z ≥ z0 = R2⊙/2rg = 547.8 AU on the optical axis. First, given the knowledge of the Poynting
vector in the image plane (134), we may define the monochromatic light amplification of the lens, µ, as the ratio of
the magnitude of the time-averaged Poynting vector of the lensed EM wave to that of the wave propagating in empty
spacetime µ = S¯/|S¯0|, with |S¯0| = (c/8π)E20 . The value of this quantity is then given by
µz =
4π2
1− e−4π2rg/λ
rg
λ
J20
(
2π
ρ
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√
2rg
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)
. (135)
As evident from (134), we see that the largest amplification of the SGL ccurs along the z axis. The other components
of the P yn ing vector are negligible.
We now consider the light amplification of the SGL in the focal region. Figure 6 shows the resulting Airy pattern
(i.e., the point spread function or PSF) of the SGL from (135). Due to the presence of the Bessel function of the zeroth
order, J20 (2
√
x), the PSF falls off more slowly than traditional PSFs, which are proportional to J21 (2
√
x)/x2, as seen in
Fig. 7. Thus, a non-negligible fraction of the total energy received at the image plane of the SGL is present in the side
lobes of its PSF. This indicates that for i ag processing purposes, one may have to develop special deconvolution
techniques beyond those that are presently available (e.g., [24, 25]), which are used in modern microlensing surveys.
Most of these techniques rely on raytracing analysis and typically are based on geometric optics approximation.
3-D Airy pattern of the SGL
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Light contamination from the parent star is a major problem for all modern planet-hunting con-
cepts. However, for the SGL, due to its ultrahigh angular resolution (~10−10 arcsec) and very nar-
row field of view, the parent star is completely resolved from the planet with its light amplified 
~104 km away from the planet’s optical axis, making the parent star contamination issue negligible. 
Instrument: Thanks to the large photometric gain of the SGL, its high angular resolution and 
strong spectroscopic SNR (103 in 1 sec), a small diffraction-limited high-resolution spectrograph 
is sufficient for the unambiguous detection of life (Turyshev et al., 2018). 
As the instrument ultimately determines the size of the spacecraft and, thus, its motion in the image 
plane, recently we addressed the issues of coronagraph design. For this, we require the coronagraph 
to block solar light to the level of the solar corona brightness at the location of the Einstein ring. 
At 1 µm, the light amplification of the SGL is ~2 ´  1011 (equivalent to −28.2 mag), so an exoplanet, 
which initially is seen as an object of 32.4 mag now becomes a ~4.2 mag object. However, when 
averaged over a 1-m telescope, light amplification is reduced to ~2´109 (−23.25 mag), the ex-
oplanet becomes a 9.2 mag object, still sufficiently bright. However, the image will include noise 
in the form of light from the solar corona, the residual solar light, and the zodiacal light.  
To validate our design assump-
tions, we performed a prelimi-
nary coronagraph design and 
simulations. Suppressing the 
Sun's light by a factor of 10−6 
when imaging with the SGL is 
significantly less demanding 
than the requirements for mod-
ern-day exoplanet corona-
graphs, which must suppress 
the parent star’s light by a fac-
tor of 10−10 to detect an exo-
Earth at least as a single pixel.  
We evaluated the performance of the coronagraph with a Fourier-based diffraction model.  The 
Sun is modelled as a dense collection of incoherent point sources with its corona at the relevant 
heliocentric ranges obeying ~r−3 power law profile. Design parameters include telescope size, dis-
tance to the SGL, occulter mask profile and Lyot mask size. The full width at half maximum of 
the Gaussian soft edge has a significant impact on the coronagraph’s performance (Figure 2). 
Defining contrast as brightness normalized to peak brightness without coronagraph, we achieved 
a total planet throughput of ~10%. Figure 2 shows the contrast at the image plane after the coro-
nagraph. At a contrast of 2 × 10−7, the leaked solar light is ~5 times lower in intensity than the 
corona, satisfying the stated objectives for imaging with the SGL (Turyshev et al., 2018).  
Image Reconstruction: Creating a megapixel image requires ~106 separate measurements. For a 
typical CCD photography, each detector pixel within the camera is performing a separate meas-
urement. This is not the case for the SGL. Only the pixels in the telescope detector that image the 
Einstein ring measure the exoplanet, and the ring contains information from the entire exoplanet, 
due to the disproportional image bluring by the SGL and also due to the relative distribution of 
different regions of the exoplanet to different azimuths of the ring.   
To evaluate the imaging performance of the SGL, we used a technique of rotational deconvolution. 
The idea is that the Einstein ring seen by the imaging telescope is actually a collection of ringlets 
formed by light from individual pixels on the exoplanetary surface.  Each of these ringlets contains 
a highly aberrated image of that particular surface pixel. Thus, the entire Einstein ring contains 
 
Figure 2. Left: Gaussian soft-edge has a great impact on light suppression 
ability of the coronagraph. Right: Simulated coronagraph performance show-
ing the solar light suppression by 2×10−7, sufficient for imaging with the SGL. 
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highly blurred light from the entire planet. The planetary rotation allows for different parts of the 
planet to rotate in/out of the view, leading to brightness variations. Thus, one can reconstruct an 
albedo map of the planet by using 1-day light curves while performing longitudinal deconvolution. 
To implement this approach, we used images of the Earth taken by the EPIC camera on the DSCO1 
spacecraft at the Sun-Earth L1 Lagrange point. 
The raw data is available as near real-time images 
of Earth2. The input data was used to produce an 
albedo map parameterized by longitudes and lati-
tudes. The half of the planet that is visible at any 
given time is integrated to produce a light curve 
representing the variation of the total flux, as 
would be seen by the SGL (Turyshev et al., 2018). 
This light curve was inverted using a straightfor-
ward pseudo-inverse procedure, producing a lon-
gitudinal map of the planet. If the planet’s spin 
axis is not aligned with its orbital axis, then over 
the course of a year the illumination over latitude 
also changes. Figure 3 shows the input albedo map 
and the output of the 2D rotational deconvolution. 
This type of deconvolution requires a very high 
photometric SNR. The SNR loss during deconvo-
lution is roughly proportional to the number of 
pixels. For instance, given 100 pixels in latitude 
and 300 in longitude, the resulting 3 ´ 104 pixel 
albedo map will have ~3 ´ 104 hits on the photometric SNR. Fortunately, the very large effective 
collecting area of the SGL makes possible a sufficiently large SNR. 
What is encouraging is that the temporal variability in cloud cover helps the deconvolution. As-
suming N ~ 50 observations of every pixel, the effect of clouds is suppressed after ~10 observa-
tions. If spectroscopic data is also used, the contribution of cloud cover can be further suppressed, 
allowing us to “see through” the clouds. The rotational deconvolution of the EPIC camera data lets 
us see the surface of the Earth using data comprising a few months. 
With direct deconvolution, we show that with a 1-m telescope, it would take ~2 years to build a 
500 ´ 500-pixel image.  Two factors that can reduce the integration time by a factor of up to 100 
are i) the number of image pixels, N, and ii) the telescope diameter.  The higher the desirable 
resolution the longer is the integration time, T, scaling as T ~ N D4, where D is the distance to the 
target. Another scaling law is related to the telescope diameter, d. A telescope with double the 
aperture will collect four times as many photons. Its diffraction pattern will be twice as narrow 
and, thus, it will collect half as many photons from the solar corona photons. The integration time 
scales as T ~ d−3. Thus, a larger image of 103 ´ 103 pixels may be produced in ~4 years if a 2-m 
telescope is used.  However, T may be reduced if there are time-varying features in the planetary 
albedo (regular features and/or cloud pattern, etc.).  The time is also reduced by ~n−1 if n imaging 
spacecraft are used. Other helpful factors are i) the rotational motion of a crescent exo-Earth, and 
ii) increase in heliocentric distance and the resulting improvements in coronagraphic performance. 
                                               
1 Deep Space Climate Observatory (or DSCOVR), https://en.wikipedia.org/wiki/Deep_Space_Climate_Observatory 
2 Website for Earth Polychromatic Imaging Camera (EPIC), https://epic.gsfc.nasa.gov/ 
 
Figure 3: Rotational deconvolution: Top is the input 
map, which is the albedo map of the Earth used to gen-
erate light curves. The bottom is the albedo map calcu-
lated by “inverting” the light curves back to a 2D image. 
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We have shown (Turyshev et al, 2018) that imaging with the SGL, although complex, has no 
fundamental “show-stoppers.” Given the enormous light amplification provided by the SGL, spec-
troscopic investigations, even spectro-polarimetry could be viable.  Ultimately, what could be ob-
tained is not just an image, but a spectrally-resolved image over a broad range of wavelengths, 
characterizing the atmosphere, surface materials and biological processes on that exo-Earth. 
3 Conclusion 
By detecting numerous potential Earth-like exoplanets, the Kepler mission has raised the possibil-
ity of existence of another Earth-like world. Follow-ups on Kepler candidates with other current 
exoplanet characterization technologies may yield unresolved images at low spectral resolution 
(typically R<100). The next steps include TESS (2018), which will extend Kepler’s work by per-
forming an all-sky survey to find additional exoplanets, including Earth-like ones; JWST (2019), 
which will be used for targeted follow-up on candidate planets. There are also missions yet in 
formative stages, such as the Exo-C, Exo-S, HabEx, and LUVOIR concepts (Turyshev et al, 2018). 
However, there is no concept for direct multi-pixel imaging of an exoplanet. All the exoplanet 
imaging concepts currently studied by NASA, aim to capture light from an unresolved Earth-like 
exoplanet as a single pixel. These missions would provide globally averaged measurements of the 
atmosphere, identify major biomarkers, etc. But, SGL will open up scientific questions to the ex-
oplanet community that are currently only possible by planetary scientists with the solar system 
planets (e.g., studying surface landforms to evaluate the geologic evolution of the planet). In ad-
dition, a spatially resolved spectroscopic image allows us to probe small structures and detect weak 
features that would be lost in a global average (e.g., surface volcanism, land/water interactions, 
spatially limited biosignatures). Also, the SGL provides the opportunity to make a direct detection 
of life, as opposed to the indirect detection from a globally averaged spectroscopic biomarkers.  
This work is of major interdisciplinary importance. Just getting out to the SGL provides lots of 
interesting collaborations with heliophysics and astrophysics (Stone et al., 2015). Also, there is more 
direct interdisciplinary nature of planetary scientists and exoplanet scientists. Although, this con-
nection is growing there is still a major chasm between the rich observations that planetary scien-
tists use versus the few globally averaged parameters that astronomers are using with exoplanets.  
We note that mission to the SGL is a long term objective that requires some planning and work 
now with some of the technical issues involving propulsion, communication, autonomy (Turyshev 
et al., 2018). However, once/if we find Earth-like planets with biosignatures, a spatially resolved 
spectroscopic observation is THE imperative next step and the easiest path to that is the SGL. 
Therefore, we ask the NAS Committee on an Exoplanet Science Strategy to consider mission con-
cepts capable of exploiting the remarkable optical properties of the SGL for direct high-resolution 
imaging/spectroscopy of a potentially habitable exoplanet.  Such missions could allow exploration 
of exoplanets relying on the SGL capabilities decades, if not centuries, earlier than possible with 
other extant technologies.  We also ask that the Committee recommends NASA to consider invest-
ing in technologies needed for missions to reach and operate at the relevant heliocentric distances. 
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